The INEL diffractometer, equipped with a CPS120 curved detector and set up in a Debye-Scherrer geometry, is a unique tool for carrying out powder diffraction studies on air-sensitive and/or smallvolume samples. Although it has routinely been used in powder diffractometry because of its minute acquisition times, its accuracy in d-spacing and intensity measurements has not been clearly demonstrated before now. Concerning the d spacings, proper linearization of the CPS120 with a cubic Na2Ca3AizF14 standard allowed a mean 620 difference of 0.006 ° . Intensity accuracy was measured with different highly and poorly absorbing samples. The accuracy is fairly good for the latter but poor for the former, except when special procedures such as the dilution of the sample with boron powder are used. A Rietveld calculation carried out on TI4V20 v showed a very good agreement between the INEL Debye-Scherrer-geometry results and those obtained with a Philips diffractometer and Bragg-Brentano geometry.
Introduction
Among the various X-ray detectors available, the position-sensitive detectors (PSDs) allow the recording of powder diffraction patterns in a short time. One of them, the INEL curved CPS120 (Ballon, Comparat & Pouxe, 1983) , enhances this feature with a reduction of the acquisition time to a few minutes while presenting a large aperture (120°). One can take advantage of this property for time-and temperatureresolved powder diffractometry. The adoption of such a detector in a Debye-Scherrer-configured diffractometer further increases the experimental potential since it makes possible the use of capillaries to record powder patterns of very air-sensitive compounds.
Some general aspects of using Debye-Scherrer data in Rietveld analysis have already been covered (Thompson & Wood, 1983; Hill & Madsen, 1992) . But, until now, only a few structural studies have been performed on an INEL CPS120-equipped powder diffractometer (Plevert, Auffredic, LouSr & LouSr, 1989; Deroche, Marler, Gies, Kokotailo & Pennartz, 1993; St~.hl & Thomasson, 1992; Jouanneaux, Joubert, Evain & Ganne, 1993) . They all demonstrate the great potential of the detector for conventional structure characterizations (including an ab initio structure determination), kinetic process studies and temperature-resolved diffractometry. Nevertheless, some problems inherent to the detector architecture (such as its linearity) and to the Debye-Scherrer geometry (such as absorption) needed to be thoroughly tackled. A first preliminary investigation of the d-spacing accuracy and the exposure time has already been reported (Deniard, Evain, Barbet & Brec, 1991) . The aim of the present work is to complete those studies and to extend them to the question of intensity accuracy.
Experimental

D(ffractometer configuration
All experiments carried out for this study were performed on an INEL CPS120-equipped powder diffractometer set up in a horizontal Debye-Scherrer geometry with the following conditions:
(1) The incident beam came from a copper sealed X-ray tube (generator power set at 40 mA × 28 kV), through a bent quartz monochromator and consisted of Cu K~ 1 radiation (2 = 1.540598 A).
(2) Thin slits limited the beam to a 0.2 × 10.0 mm section at the sample.
(3) Lindemann capillaries (practically nonabsorbing beryllium-lithium-boron-glass capillaries) were used as sample holders.
(4) A CPS120 curved gaseous detector designed around a blade anode was used (Ballon, Comparat & Pouxe, 1983 ) (internal pressure: 6.5 × 105 Pa of 15% ethane and 85% argon).
Few modifications have been made to the original diffractometer. The direct beam-stop holder was removed from the collimating arm and attached directly to the goniometer support table so that it would not change the monochromator adjustment THE INEL X-RAY POSITION-SENSITIVE DETECTOR when pushed away to record the zero reference. Some electronic components were replaced to minimize temperature drifts (vide infra).
Data recording
The data and results presented herein were obtained on a routine basis as part of laboratory runs. That is to say, no special optimized calibrations were performed apart from those realized on a one-weeklapse basis.
Data processing
The powder patterns were processed with the laboratory designed PROLIX program (Deniard, Evain, Barbet & Brec, 1991) specially written to deal with the INEL CPS120 curved-detector data. Besides the usual features (background removal, peak hunting, profile fitting etc.), this program provides for good pattern calibration through a preliminary detector linearization.
Least-squares refinements were carried out either with the U-FIT program (Evain, 1992) , which performs conventional lattice-parameter calculations from a d-spacing list, or with the MPROF program chain (Murray & Fitch, 1992) , which can handle whole pattern refinements with structural constraints [Rietveld-type refinements (Rietveld, 1969) ] or without structural information [full-pattern-matching-type refinements (Le Bail, Duroy & Fourquet, 1988 )-]. It should be emphasized that, prior to any refinements, every pattern was adjusted with the PROLIX program through a detector linearization and through a powder-pattern calibration (vide infra) and sampled to a constant 20 step (0.03 °, which is close to the INEL channel width) through a third-order interpolation.
To characterize the goodness of the calculation, the usual reliability criteria were looked at, that is, the mean 20 deviation (62o=~120obs--20calcl/n) for cell-parameter refinements (U-FIT program) and the profile intensity R value, the weighted profile R value and the expected R value for Rietveld refinements [calculated for regions containing significant contributions to the peak intensities and with background-corrected counts (Hill & Fischer, 1990) ,
d-spacing accuracy
Linear&at&n
As a result of its design (printed-board cathode made of regularly spaced copper strips and curvedblade anode), the curved detector cannot be considered to lead to absolute linearity. Indeed, it has been shown that each detector possesses its own 20 response that can be considered as its fingerprint and makes it unique. Therefore, every powder pattern should be scaled before any subsequent analysis. A cubic spline correction of the angular linearity based upon simple pattern reference compounds such as silicon or quartz is insufficient by far. Indeed, previous studies (Deniard, Evain, Barbet & Brec, 1991) have pointed out that those corrections lead to large positive correlations (62o for a given compound is minimum around the standard reflection 20 values but maximum in between those values). This observation suggested a need for a new standard with a large number (> 50) of nonoverlapping intense peaks over the entire 120 ° 20 range. NaECa3AIEF1, (Courbion & Ferrey, 1988) , which fulfils those prerequisites and seems to be chemically stable in air, was chosen as the new CPS120 detector standard for linearization. This choice dramatically improved the overall 62o value from around 0.014 ° , obtained with a silicon linearization, to about 0.006 ° for a well crystallized sample of moderate complexity (orthorhomic system with cell parameters around 14 A for instance). Fig. 1 shows the PSD linearization profile obtained with (i) nine reflections of silicon as reference and (ii) 50 reflections of NazCa3A12F14 as reference. The figure clearly shows that the NaECa3AlzF14 linearization reveals details of the PSD response characteristics that the silicon linearization does not. An even better channels/20 linearization could be achieved if one could fill the low-20 gaps, especially in the 0-800 channel range (0-24 ° 20). However, for routine work, a good enough d-spacing accuracy is achieved with the Na2Ca3AlzFx4 standard compound. In this study, all PSD linearizations were carried out with 50 reflections of NazCa3AIzF1,. to the high temperature sensitivity of some electronic components. A modification of these components greatly improved the stability of the system without, however, suppressing this sensitivity completely. To obtain cell parameters as accurately as possible, it is thus, for the time being, necessary to mix each studied sample with a well calibrated standard having a minimum overlap with the expected powder pattern [the National Institute of Standards and Technology (NIST) proposes such specially designed standard reference materials (SRMs)]. All d-spacing oriented measurements performed in this study have been calibrated with silicon (NIST SRM640b) as internal standard. However, to reduce the complexity of the powder patterns and enhance the validity of refinements, internal standards were omitted in Rietveld-oriented samples. To prevent any biased results in this latter case, a preliminary study was carried out with external linearization (Na2Ca3AIzF14) and internal calibration (Si) for each sample, to determine the lattice parameters accurately. These parameters were subsequently used to automatically calibrate the powder patterns to be analysed by the Rietveld method.
Calibration
d-spacing-accuracy tests
A first test of the potential of the INEL detector concerned the study of the cell-parameter accuracy (i.e. the d-spacing accuracy) as a function of the acquisition time. ZnO (NIST SRM674) was chosen for this experiment. Fig. 2 shows very good parameter agreement (within a) between measurements, down to a 2 min exposure time and the NIST-certified parameters. For the shortest exposure time, the data are still acceptable, the cell-parameter values falling within 2~r of the NIST ones.
To see if the d-spacing accuracy achieved for ZnO can be obtained for other compounds, a second test was performed on the four samples (ZnO, TiO2, Cr20 3 and CeO2) of the NIST SRM set 674. 
Peak profile
Peak shape
Crucial for the success of any Rietveld refinement is the modelling of the peak shape. Among the various functions usually proposed for X-ray peak-shape fitting, the [qL + (1 -r/)G] pseudo-Voigt function was chosen because it led to the best agreement with the experimental curve. The variation of the mixing parameter q (balance between the Gaussian and Lorentzian profiles) as a function of 20 is almost nil, the profiles being mostly Lorentzian in character in the whole 20 region (i/~_ 0.7).
Resolution
The resolution of a diffractometer, that is, the intrinsic instrumental broadening due to wavelength dispersion, aberrations etc., is obtained with a compound that does not yield extra broadening because of crystallite size and/or strain effects. LaB 6 (NIST SRM674), specially prepared to fulfil those criteria, was chosen as such a compound. The curve of the full width at half-maximum (FWHM) versus 20 is expected to follow the Caglioti empirical equation (Caglioti, Paoletti & Ricci, 1958 ) (FWHM 2= U tan z 0 + V tan 0 + W), although V becomes negative for the conventional divergent-beam X-ray system, which has no theoretical basis (LouEr & Langford, 1988 ). Fig. 4 
Intensity accuracy
A vital part of any reliable Rietveld analysis is the achievement of accurate intensities. The sample texture that badly modifies the observed intensities can be more simply avoided in a Debye-Scherrer setting than in any other geometry (Bragg-Brentano for instance) because of an easily achieved random orientation. However, the absorption phenomenon, which also deeply biases the achievement of accurate intensities, is much more crucial in a Debye-Scherrer setting. The sample preparation will be the key to any success. of intensity, with highly reduced peaks in the low-20 region for the absorbing case (Fig. 5a ). This effect can be partially taken care of during the course of a 
Influence of absorption
Possible solutions
To reduce/w, one can either cut down the sample volume, that is, reduce r, or reduce the linear absorption coefficient/~. Reduction of r. In a Debye-Scherrer setting, one obvious way to reduce r is to use a smaller Lindemann capillary section. This solution yields satisfactory results for low-to-medium/~ values. For high/~ values, capillaries of diameter less than 0.1 mm would be required. However, these tubes cannot be easily fashioned and filled and in this case a deposit of a thin layer of adhering powder outside the Lindemann capillary is preferred. Although satisfactory (vide infra), this last solution cannot be contemplated for air-sensitive compounds and a reduction of/~ has to be considered.
Reduction of l~. A reduction of/~ without a change in r, i.e. in volume, requires a dilution of the highly absorbent powder in an X-ray-transparent amorphous matrix. Of the various possibilities, boron powder was selected because of its very low absorption coefficient.
In the next sections, the following abbreviating notation will be used: 'I' for inside 0.1 mm diameter capillary, 'O' for outside 0.1 mm diameter capillary, 'N' for no dilution, and 'D' for dilution (boron powder). The various sample settings will therefore be referred as l/N, I/D, O/N or O/D. 
Intensity accuracy tests
Slightly absorbent case: ZnO (Pcu = 287 cm-1)
ZnO being the NIST SRM674 compound with the lowest absorption coefficient, we limited ourselves to a study of Rietveld structural results as a function of exposure time in an I/N sample setting. Some essential results are gathered in Tables 2 and 3 along with single-crystal results (Sabine & Hogg, 1982) . First, one can see the very good agreement between the atomic positions obtained from our Rietveld refinement and those calculated in the single-crystal study. It seems that an exposure time of two to three hours is enough, because a longer time does not significantly improve the results (it should be mentioned again that a few minutes are enough to get accurate cell parameters).
Fairly absorbent case: TiO2 (/Zcu = 549 cm-1)
As can be seen from Tables 4 and 5, a similar accuracy is obtained for the atomic coordinates of this fairly absorbent compound. However, it should be pointed out that the temperature factors are smaller than those determined from single-crystal work (Gonschorek, 1982) (for instance, the oxygen B value has a nonphysical negative value) and that the reliability factors remain high. This is directly related to the absorption problem, which was not taken into account in the refinement. Highly absorbent case: CeO 2 (Pcu = 2239 cm-1)
To study thoroughly the absorption effect and the methods that could minimize it, we focus our attention on CeO2, the more absorbent compound of the NIST SRM674 set. Four different sample preparations were selected:
A -a 'classical' sample preparation, that is, a 0.1 mm capillary filling (I/N); B -a capillary filling, CeO 2 being diluted with an amorphous boron powder (1/D, 90% of boron); C -a similar preparation but with a strong dilution (I/D, 99% of boron) (in this case, the acquisition time was increased to 2 h); D -an external powder deposition with mineral oil as sticky agent.
The main results (exposure times, atomic parameters, and reliability values) are given in Table 6 . The results clearly indicate that (i) as expected, the structural results obtained for the classical acquisition technique (sample A) are badly corrupted;
(ii) preparations B (or C) and D yield similar results. Although preparation B (or C) greatly reduces the signal/background ratio because of boron diffusion, it has the advantage of coping with air-sensitive compounds. Preparation D leads to a good signal/ background ratio for short acquisition times; nevertheless, its effectiveness is subject to the experimentalist's expertise (a homogeneous layer thickness and random crystallite distribution are always difficult to achieve). All data yielded rather high reliability factors, indicating that, for highly absorbent, phases, the Debye-Scherrer geometry is not the most appropriate.
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Rietveld refinement
The meticulous optimization carried out to obtain accurate peak positions and intensities, not biased because of instrumental aberrations or sample preparation effects, led to the setting up of a precise powder-pattern-treatment technique that makes possible ab initio structure determinations from powder diffraction data. Such a determination was successfully attempted on the unknown T14V20 7 structure with a highly absorbent coefficient of 1480 cm-1 (Cu radiation) (Jouanneaux, Joubert, Evain & Ganne, 1993) . A T14V207 powder pattern was obtained on an E/N preparation (with modelling clay as sticky agent) with a 3 h 45 min recording time. The 20 first reflection positions were determined with the PROLIX program and subsequently processed by the auto-indexing TREOR program (Werner, Eriksson & Westdahl, 1985) . The structure determination was conducted classically (Patterson, difference Fourier maps etc.) from the intensity set extracted with the MPROF program. Final Rietveld refinements, including atomic positions, cell constants, scale factor and profile parameters, but with no absorption correction, rapidly converged to the reliability factors R v = 11.2 and Rwp= 9.8% for Rex p = 5.2%. The solution compares very well (see Table 7 ) with those subsequently obtained with a conventional Philips diffractometer (Bragg-Brentano geometry).
Concluding remarks
The present study definitively demonstrates the potential of the INEL CPS120 curved detector. Indeed, it shows that it is possible to get accurate data not only for the d-spacing values but also for the intensities. This can be achieved through a double calibration (i.e. external linearization of the detector and internal calibration with a standard) and with a careful choice of the sample preparations. The main advantage of the INEL diffractometer (Debye-Scherrer geometry and CPS120 curved detector) lies in the possibilities it offers for the structural analyses of air-sensitive and/or small-volume samples over a wide angular range and with a very short exposure time. This is eminently suitable for 9.5 9.5 6.5 time-resolved diffraction. The ab initio structure determination realized on the TI4V20 v phase (not air sensitive but highly absorbant) perfectly illustrates this potential.
